For over 100 years, binocular rivalry was seen as the result of competition between the two eyes, involving reciprocal suppression of retinal inputs. Now it emerges that rivalry reflects alternating perceptual interpretations that are represented in the firing patterns of cells in the temporal visual cortex.
Binocular rivalry ensues whenever the images seen by the two eyes are too different to be fused into a single percept. The most frequently given example is that of a horizontal grating presented to one eye and a vertical grating shown to the other. Two objects cannot be in the same place at the same time; the confusion resulting from a situation where this appears to be the case is resolved by alternating perceptual suppression of one of the objects, rather than superimposition of both. Thus, with the orthogonal grating stimuli, one sees a fluid mosaic of horizontal and vertical grating patches and not a plaid.
Binocular rivalry shares two key features with other examples of alternating perception, such as the wellknown Necker cube, where a two-dimensional projection of a transparent cube has two possible three-dimensional interpretations. First, although two perceptual interpretations may be equally plausible, it is rare to see both simultaneously. Second, one can, through voluntary effortperhaps involving shifts of eye position -trigger switching between the two alternatives: however, it seems impossible to prevent switching altogether, so it is thought to be autonomously driven. The simplicity and compelling nature of binocular rivalry make it an ideal paradigm for studying the resolution of perceptual ambiguity and even the basis of visual awareness.
The apparent 'competition' between the two eyes seems to imply that the interactions underlying rivalry occur at a stage where information about the eye of origin is still preserved. A variety of neural models have, therefore, tried to explain binocular rivalry in terms of an oscillating circuitry involving reciprocal inhibition between pools of monocular cells dominated by either eye [1, 2] . These considerations point to the lateral geniculate nucleus (LGN) or layer 4 of the primary visual cortex (V1) as the neural site of binocular rivalry.
For each LGN cell, grating stimuli elicit excitatory responses through only one, the dominant eye. In cats, these responses are indeed reduced when a second grating is shown to the non-dominant eye. However, this inhibition is just as strong when the two gratings are of the same orientation as when they are orthogonal [3] . Monocular neurons in layer 4 of V1 behave similarly [3] . These cells cannot, therefore, distinguish between stimuli that can be fused and those that are rivalrous.
In contrast, the responses of most binocular neurons in other layers of cat V1 are facilitated when presented with binocularly matched gratings, but reduced when presented with rivalrous stimuli [3, 4] . This interocular suppression is particularly profound when a response is first elicited by an optimally oriented 'conditioning' grating presented to one eye, and a grating of very different orientation is introduced to the other eye a few seconds later ( Figure 1a) . Suppression is weaker, or absent, when the two gratings are exposed simultaneously.
Two psychophysical observations tie in with this dependence of the strength of suppression on the 'history' or order of stimulation. First, if rivalrous patterns are presented to both eyes briefly (< 150 milliseconds) and simultaneously, they appear as if superimposed [5] ; this phenomenon is known as 'false fusion'. Second, if an observer views a grating monocularly for 1-2 seconds, and an orthogonal grating is then introduced to the other eye, the first grating will not be seen at all for some time; this is known as 'flash suppression' [6] .
The transition from binocular facilitation to interocular suppression in cat V1 occurs at an interocular orientation difference of about 22 degrees [3] and at a spatial frequency difference of more than half an octave [7] . Psychophysically, fusion gives way to binocular rivalry in humans at an orientation difference of about 30 degrees and at a spatial frequency difference of 0.4 octaves. Thus, there is a good correlation between the conditions producing interocular suppression in V1 and those leading to the onset of binocular rivalry for simple contour stimuli. However, neuronal suppression in V1, once established, does not exhibit the kind of temporal pattern needed to explain the perceptual switching between the two images that is so characteristic of perceptual rivalry ( Figure 1a ). This is true not only for V1 of anaesthetized cats [3] , but also for awake behaving monkeys [8] . Macaque monkeys were trained to fixate a spot of light and to report, by pulling levers, the perceived orientation of binocularly presented grating stimuli. When the two gratings were orthogonally oriented, the monkeys indicated alternating perception of the two orientations. In V1 and V2, most of the neurons recorded during continued viewing of rivalrous stimuli were either unaffected, or exhibited tonic suppression compared with responses to binocularly matched gratings. In area V4, by contrast, 38% of the recorded cells modulated their activity with the monkey's perceptual report. Some cells, however, responded more strongly when their preferred orientation was perceived, whereas others, paradoxically, fired when their non-preferred orientation was perceived.
Taken together, these studies implied that the onset of simple contour rivalry probably depends on inhibitory interactions between binocular neurons in V1 and beyond, rather than between peripheral monocular channels. But they left open the question of which neurons do mediate the alternating interpretations that occur during continuous viewing, as the firing of most cells in V1, V2 and V4 did not reflect the animal's spontaneous shifts in perception. A recent study by Sheinberg and Logothetis [9] provides an answer to this question. Again, macaque monkeys were trained to indicate, by pulling levers, which one of a pair of rivalrous stimuli they perceived. One of them was always a 'sunburst' pattern, the other an image of an animate object (Figure 1b) . The relative perceptual dominance of the sunburst pattern, that is the proportion of time for which it was exclusively seen, depended on its spatial frequency content in the same way as in naive human observers, suggesting that the properties of binocular rivalry with respect to 'stimulus strength' [10] are similar in monkeys and humans.
Sheinberg and Logothetis [9] recorded cells in two regions of the temporal lobe -the superior temporal sulcus (STS) and the inferotemporal cortex (IT) -of their trained macaque monkeys. For each neuron, the most effective -that producing the largest response -of a range of animate object stimuli was determined. During continuous viewing of a rivalrous stimulus pair consisting of the sunburst and the cell's preferred stimulus, the monkeys frequently reported a switch in the perceived stimulus without a concomitant change in the actual
Figure 1
Stimuli, neuronal firing patterns and perceptual reports in physiological studies of binocular rivalry. (a) Response of a binocular complex cell in cat V1 to rivalrous stimulation. The cell is initially stimulated through the dominant eye alone with a grating of optimal (horizontal) orientation, causing a strong response. After 5 sec (dotted line), an orthogonally oriented (vertical) grating appears in the non-dominant eye. Suppression sets in quite rapidly (< 100 msec) and is strongest for the first few seconds, although the response is tonically reduced (typically by about 40%) for the entire period of rivalrous binocular exposure. Such 'flash suppression' has a shorter latency in V1 than in temporal cortex (where latencies are ~200 msec), so it cannot be interpreted as feedback inhibition from higher-order areas, but is more likely to form the substrate for the more complex responses observed there. (b) Response of a macaque IT neuron and the animal's perceptual report. The cell responds best to a butterfly stimulus and not at all to the sunburst. The dotted vertical lines mark changes in the physical stimulus. A long period of rivalrous stimulation is preceded by monocular presentation of the butterfly alone and is followed by a short period of the sunburst alone, in the other eye. During these monocular epochs, the monkey's perceptual reports (indicated by the icons and colour bars below) match the activity of the neuron, showing that the animal reports its perception accurately. After the onset of the rivalrous presentation, the cell is suppressed (as for the V1 cell above) and the animal's perception switches from butterfly to sunburst. Subsequently, the neuron fires only just before and during two epochs when the monkey indicates perception of the effective stimulus. display. A significant change in neural activity regularly preceded these switches by a second or so (Figure 1b) . For 21 out of 25 neurons, the firing rate was significantly higher during epochs when the monkey indicated perception of the cell's preferred stimulus than in the instances when it reported seeing the sunburst.
Differences in neuronal firing rate that related to the animals' perception, were even more dramatic under a 'flash suppression' paradigm, similar to that used to reveal contour rivalry in V1 [4] . Following 'conditioning' monocular stimulation with either the sunburst or the preferred animate object, the monkeys consistently reported exclusive visibility of the respective other stimulus during the subsequent rivalrous presentation of both stimuli. Concomitantly, temporal cortical neurons often virtually ceased firing during that period when the previewed stimulus had been the preferred one, while they fired vigorously when the non-preferred sunburst stimulus had been shown first, even though the binocular stimuli were identical in both cases.
Overall, the activity of ~90% of all cells in temporal visual cortex was an accurate predictor of the animal's perception. Of course, it is difficult to know whether the perceptual state of the monkey causally depended on the activity of the cells under study, or whether the firing of those cells just correlated with a perceptual 'decision' made at an even higher stage. However, the hierarchical position of areas in anterior IT near the top of the ventral (temporal) visual processing stream make the latter interpretation less likely. If electrical microstimulation of the temporal cortex were shown to affect the perception of rivalrous images in the way that stimulation of area MT influences the monkeys' perception of motion [11] , the link between neural activity and perception would be completed.
Apparently, our concept of what competes during rivalry has been quite wrong, or at least incomplete. Following the neurophysiological work, recent psychophysical studies also provide evidence that it is not solely, possibly not even primarily, inputs from the two eyes that compete with each other for perceptual dominance, but rather coherent interpretations. Logothetis and colleagues [12] demonstrated that each one of a pair of rivalrous (orthogonal) gratings can, under certain circumstances, dominate perception for several seconds at a time, despite their being swapped between left and right eyes at a rate of 3 Hz. Thus, it appears to be a particular stimulus, rather than the eye through which it is presented, that dominates perception.
Coherency of the perceived stimulus in a rivalry pair is more important than eye of origin, not only in the temporal but also in the spatial domain, as proven in a study by Kovács et al. [13] . Instead of the conventional pairs of dissimilar, globally coherent images, these authors presented to human observers two complementary patchworks made up of segments from two rivalrous images ( Figure 2 ). They found that perception tends to be dominated by an unscrambled global percept that alternates between one complete pattern and the other. To quantify this phenomenon, isoluminant red and green dots were displayed binocularly on a yellow background. With all dots of one colour presented to the same eye, conventional colour rivalry occurred, and an all-red or all-green percept was observed for 60% of the total viewing time. The fact that uniform percepts were not seen exclusively can be interpreted as an indication that interocular suppression acts locally, within patches that are scaled in size with respect to retinal eccentricity [14] . However, even when the patterns were random mixtures of dots, half red and half green and with equivalent dots having complementary colours in the two eyes, all-red and all-green percepts still prevailed for 47% of the viewing time. This would be virtually impossible unless a globally coherent Dispatch R449
Figure 2
Two rivalrous stimulus pairs demonstrate the role of pattern coherency versus eye of origin for perceptual disambiguation of complex patterns. In each pair, the yellow crosses should be fused by diverging or converging the eyes. In (a), the pattern seen by each eye is in itself coherent, and conventional rivalry is observed. In (b), pattern coherency can only be achieved through interocular regrouping of elements of the right-eye and the left-eye image. Nevertheless, one complete text or the other is indeed seen at least some of the time, while mere eye competition would result only in mixed percepts. interpretation, rather than eye of origin, dominated perception. This interpretation is unstable in a situation where two alternatives are equally plausible.
While our understanding of both physiology and psychophysics of binocular rivalry has improved dramatically, it is also clear that the underlying neural processes are more complex than previously thought. Binocular cells in V1 identify local matching features in the two retinal images on the basis of stimulus-selective binocular facilitation. Whenever rivalrous contours are present on the two retinas, non-selective interocular inhibition reduces activity in one set of orientation columns or the other, depending on the sequence of stimulation, to reduce the local ambiguity. In these terms, rivalry is the 'default outcome' of binocular vision [15] . At later stages, the responses of neurons during rivalrous binocular stimulation vary in strength over time, the correlation between firing rate and perceptual report increasing with the hierarchical level of visual processing [8, 9] . Whereas the firing of cells in V1 represents a local solution to discrepancies between two retinal images, the activity of temporal cortical neurons appears to be the substrate for a global perceptual interpretation. It remains to be shown by which mechanism the activity of some neurons in, for example, V1 or V4 is 'selected' to be fed forward onto higher-order neurons, while input from others is suppressed. It may then become possible to address, by neurophysiological means, the question of how binocular rivalry can be modulated through attention and volition.
